Introduction {#Sec1}
============

Heating generally drives the crossover from quantum to classical behaviors; nevertheless, heat itself is ruled by quantum mechanics. In recent years, experimental explorations of quantum thermal phenomena have been emerging at a rising pace^[@CR1]--[@CR3]^. In particular, the quantum of thermal conductance, a universal basic building block of heat quantum transport, is now firmly established for bosons^[@CR1],[@CR4]^, fermions^[@CR5],[@CR6]^, and quasiparticles that may be anyons^[@CR7]^, as well as up to macroscopic^[@CR8]^ and room temperature^[@CR9],[@CR10]^ scales. However, despite the strong influence of Coulomb interaction on electricity in small quantum circuits^[@CR11]--[@CR14]^, its impact on the quantum transport of heat remains barely explored experimentally^[@CR15]--[@CR17]^. In a first step for perfectly ballistic circuits, where there is no back-scattering along any of the connected electronic channels, a recent observation^[@CR16]^ was made of the predicted^[@CR18]^ heat Coulomb blockade taking place without any concomitant reduction of the electrical conductance. In this limit and at low temperatures, the Coulomb interaction manifests itself as the systematic suppression of a single channel for the evacuation of heat from a small circuit node^[@CR16],[@CR18]^. Here we address elementary quantum circuits including one generic electronic channel of arbitrary electron transmission probability. An unexpected increase in the flow of heat is observed and quantitatively accounted for by an additional quantum heat transport mechanism, involving the association of shot noise and Coulomb interaction.

We obtain the heat current--temperature characteristics by controllably injecting a dc power into a small floating circuit node connecting a quantum channel to a linear resistance, and by monitoring in situ the resulting increase in the electrons' temperature. A complication is that the partition of electrons in the generic channel breaks the Johnson--Nyquist proportionality between excess noise and node temperature increase^[@CR19],[@CR20]^, which was previously used for the thermometry of ballistic circuits^[@CR5]--[@CR7],[@CR16],[@CR17]^. We overcome this difficulty with an experimental procedure involving complementary measurements of both the auto- and cross-correlations of electrical fluctuations. This provides us, separately, with the local electronic temperature in the metallic node, as well as with the thermal shot noise. The latter is found in good agreement with predictions derived within the scattering approach^[@CR19],[@CR21]^, in which Coulomb effects have been encapsulated in the temperature-dependent conductance (reduced by the dynamical Coulomb blockade^[@CR11]^). The node temperature increase, both in terms of injected power and electron transmission probability across the channel, exposes an additional heat current contribution involving thermal shot noise.

Results {#Sec2}
=======

Test-bed for electronic channels in dissipative environments {#Sec3}
------------------------------------------------------------

An e-beam micrograph of the device is shown in Fig. [1](#Fig1){ref-type="fig"}a together with a schematic representation of the measurement setup. The small floating circuit node that is heated is materialized by the central micron-scale metallic island (in brighter gray), of separately characterized self-capacitance $\documentclass[12pt]{minimal}
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Electronic heat flow determination {#Sec4}
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The electrons within the central island are heated to $\documentclass[12pt]{minimal}
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Local temperature increase measurement {#Sec5}
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The island's electronic temperature $\documentclass[12pt]{minimal}
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Shot noise induced by a temperature difference {#Sec6}
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Generic channels driven out-of-equilibrium are generally expected to exhibit, in addition to the average thermal noise, a shot noise induced by the electron partitioning into a transmitted electron and a reflected electron^[@CR19],[@CR21]^. In particular, the current noise spectral density at low frequencies ($\documentclass[12pt]{minimal}
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Electronic heat flow from a small quantum circuit node {#Sec7}
------------------------------------------------------

We now address the electronic flow of heat across the QPC and ballistic channels. In conductors, the thermal conductance $\documentclass[12pt]{minimal}
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Discussion {#Sec8}
==========

We have experimentally investigated the heat flow and thermally induced shot noise in an elementary quantum circuit composed of one small metallic node (island) connected by several ballistic channels and by one generic electronic channel of arbitrary electron transmission probability. Applying a temperature bias, without dc voltage across the generic channel, we measured the thermal shot noise^[@CR20]^ and determined the overall electronic heat flow from the island. The former is found in direct quantitative agreement with thermal shot noise predictions computed using the known transmission probability^[@CR19]^. The latter displays an additional heat flow contribution. The underlying mechanism involves in particular the Coulomb charging energy of the island, which effectively freezes its total charge at low temperatures and thereby induces correlations between the heat carrying electrical current fluctuations propagating along the connected channels^[@CR18]^ (Methods). In a fully ballistic circuit (without thermal shot noise), these correlations amount to the recently observed systematic blockade of a single channel for the flow of heat, independently of the total number of channels^[@CR16],[@CR18]^. Here, with a generic channel, a thermal shot noise is impinging on the island and fractionalized among all the outgoing channels by the frozen island charge imposed by Coulomb interaction^[@CR29]^. This combination of Coulomb interaction and thermal shot noise underpins the presently observed additional heat transport mechanism (Methods).

Advancing our understanding of the mechanisms of quantum heat transport and establishing the thermal shot noise contribution is essential for exploiting heat and noise to unveil exotic physics^[@CR17],[@CR30],[@CR31]^, and is bound to play a role in the thermal and signal to noise management of future quantum devices. The present work also demonstrates measurement strategies widening the range of experimental systems eligible for thermal explorations: by exploiting complementary auto- and cross-correlation measurements of the electrical fluctuations, we have shown that the different sources of noise can be accessed separately. We expect that such advanced combinations of fluctuation measurements will play an increasing role in the thermal and noise investigations of quantum circuits.

Methods {#Sec9}
=======

Sample {#Sec10}
------
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                \begin{document}$$1{0}^{6}\, {\mathrm{{cm}}}^2\,{\mathrm{V}}^{-1}\,{\mathrm{s}}^{-1}$$\end{document}$ and is located 105  nm below the surface. The central island is formed from a metallic layering of nickel (30 nm), gold (120 nm), and germanium (60 nm), which is thermally annealed at 440 °C for 50 s to make an electrical contact with the 2DEG. The two quantum Hall edge channels at filling factor $\documentclass[12pt]{minimal}
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                \begin{document}$${T}_{\Omega }\ {\lesssim} \ 80$$\end{document}$ mK) ascertains that the interaction between co-propagating channels can be safely ignored (see e.g. ref. ^[@CR32]^), as in previous works with the same sample^[@CR14],[@CR23],[@CR33]--[@CR35]^. The self-capacitance of the island $\documentclass[12pt]{minimal}
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                \begin{document}$${E}_{{\rm{C}}}={e}^{2}/2C\approx {k}_{{\rm{B}}}\times 0.3\,{\mathrm{K}}$$\end{document}$) is obtained from standard Coulomb diamond measurements (with all channels connected to the device tuned in the tunnel regime).

Noise measurement setup {#Sec11}
-----------------------

The time-dependent current fluctuations $\documentclass[12pt]{minimal}
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                \begin{document}$$\delta {I}_{2}(t)$$\end{document}$ impinging, respectively, on electrodes 1 and 2 are first amplified with a cryogenic amplifier located on the 4K stage of a dilution refrigerator, and with a room temperature amplifier. They are then digitized at 10 Mbit/s and sent to a computer. The Fourier auto- and cross-correlations analysis are performed over a 180 kHz bandwidth centered on $\documentclass[12pt]{minimal}
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                \begin{document}$${c}_{12}\approx 1.000$$\end{document}$ and 0.993 for the first and second cooldown, respectively).

Dissipated Joule power {#Sec12}
----------------------

The bulk of the Joule power dissipated within the electronic fluid in the metallic island is given by the expression $\documentclass[12pt]{minimal}
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                \begin{document}$${V}_{1,2,3}^{{\rm{ac}}}\simeq 0.23\ \upmu {{\rm{V}}}_{{\rm{rms}}}$$\end{document}$ applied (at different low frequencies) to the three source electrodes (to simultaneously measure with lock-in the conductances across each of the three QPCs), as well as a separately characterized small triboelectric voltage from the pulse tube vibrations specifically developing on the source electrode 1 (feeding the top QPC) $\documentclass[12pt]{minimal}
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                \begin{document}$${T}_{\Omega }\ {\gtrsim} \ 20\,{\mathrm{{mK}}}$$\end{document}$. It corresponds to a temperature increase in the island of $\documentclass[12pt]{minimal}
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                \begin{document}$${\sim} 0.3\,{\mathrm{{mK}}}$$\end{document}$ at zero dc bias (see section Base electron temperature). Note that we avoid possible mismatch from the thermoelectric voltage developing along the measurement lines by applying a current dc bias. It is converted onchip into a voltage exploiting the well-defined quantum Hall resistance $\documentclass[12pt]{minimal}
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                \begin{document}$${R}_{{\rm{K}}}/\nu$$\end{document}$ connecting current biased electrodes and cold electrical grounds.

Base electron temperature {#Sec13}
-------------------------
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                \begin{document}$$T$$\end{document}$ is extracted from standard shot-noise measurements, applying a dc bias voltage directly to a QPC set to a transmission probability of one half, with the floating island bypassed using side gates (see Methods in ref. ^[@CR34]^ for further details).
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                \begin{document}$${P}_{{\rm{J}}}^{{\rm{ac}}}$$\end{document}$ (see section Dissipated Joule power), the temperature of the floating island is slightly higher than $\documentclass[12pt]{minimal}
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                \begin{document}$$T$$\end{document}$ even in the absence of a dc voltage. This small temperature increase is obtained by measuring the cross-correlations at zero dc bias $\documentclass[12pt]{minimal}
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                \begin{document}$${T}_{\Omega }({V}_{1,2}=0)-T\simeq -\frac{{R}_{{\rm{K}}}}{2{k}_{{\rm{B}}}}\frac{N+\tau }{{N}_{1}{N}_{2}}{S}_{12}({V}_{1,2}=0),$$\end{document}$$which straightforwardly relies on the generalized fluctuation-dissipation relation. Although there are deviations from the generalized fluctuation-dissipation relation in the presence of a generic channel, as studied in this work, this approximation is excellent for small $\documentclass[12pt]{minimal}
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Excess electron temperature and shot noise {#Sec14}
------------------------------------------

This section details how are obtained the excess electron temperature, $\documentclass[12pt]{minimal}
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                \begin{document}$$\Delta {T}_{\Omega }={T}_{\Omega }-{T}_{\Omega }({V}_{1,2}=0)$$\end{document}$, and the resulting excess noise generated across the generic QPC, $\documentclass[12pt]{minimal}
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                \begin{document}$${S}_{{\rm{qpc}}}^{{\rm{exc}}}=\langle \delta {I}_{{\rm{qpc}}}^{2}\rangle -\langle \delta {I}_{{\rm{qpc}}}^{2}\rangle ({V}_{1,2}=0)$$\end{document}$. A schematic representation of the circuit is shown in Fig. [4](#Fig4){ref-type="fig"} with arrows indicating the chirality also corresponding to the convention used for positive currents. The large electrodes labeled $\documentclass[12pt]{minimal}
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                \begin{document}$$\Omega$$\end{document}$.Fig. 4Noise schematic.Graphical representation of the different current and voltage fluctuations discussed in the text.

First, let us separately consider a current fluctuation $\documentclass[12pt]{minimal}
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                \begin{document}$$\delta {I}_{{\rm{qpc}}}$$\end{document}$ generated across the generic QPC (see Fig. [4](#Fig4){ref-type="fig"}), and determine the resulting current fluctuations $\documentclass[12pt]{minimal}
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                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${M}_{1,2}$$\end{document}$. As the corresponding charge accumulated in the island relaxes very fast compared to the measurement frequencies ($\documentclass[12pt]{minimal}
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Summing up the independent contributions from the QPC ($\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\delta {I}_{{\rm{qpc}}}$$\end{document}$) and from all ballistic channels (emitted $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\delta {I}_{{{j}}}^{\Omega \to }$$\end{document}$ and absorbed $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\delta {I}_{{{j}}}^{{E}_{n}\to }$$\end{document}$), one straightforwardly obtains for the autocorrelation signal:$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\begin{array}{lll}{S}_{11(22)}=\  {N}_{1(2)}\left[{\left(1-\frac{{N}_{1(2)}}{N+\tau }\right)}^{2}+\frac{{N}_{1}{N}_{2}}{{\left(N+\tau \right)}^{2}}\right]\langle {(\delta {I}^{\Omega \to })}^{2}\rangle \\  +\frac{{N}_{1(2)}^{2}}{{\left(N+\tau \right)}^{2}}{S}_{{\rm{qpc}}}+\frac{{N}_{1(2)}^{2}N}{{\left(N+\tau \right)}^{2}}\langle {(\delta {I}^{E\to })}^{2}\rangle +{S}_{{\rm{offset1(2)}}},\end{array}$$\end{document}$$with $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${S}_{{\rm{offset}}1(2)}$$\end{document}$ a noise offset mostly corresponding to the amplification chain, and also including the thermal noise along the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$2-{N}_{1(2)}$$\end{document}$ reflected channels and along the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$2$$\end{document}$ quantum Hall channels propagating from measurement (*M*) to source (*S*) contacts (for the experimental bulk filling factor $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\nu =2$$\end{document}$; see Fig. [4](#Fig4){ref-type="fig"}). Similarly, one gets for the cross-correlation signal:$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${S}_{12}=\frac{{N}_{1}{N}_{2}}{{\left(N+\tau \right)}^{2}}\left[\right.\!-\!(N+2\tau )\langle {(\delta {I}^{\Omega \to })}^{2}\rangle +{S}_{{\rm{qpc}}}+N\langle {(\delta {I}^{E\to })}^{2}\rangle \left]\right..$$\end{document}$$

Focusing on the excess signal with respect to $\documentclass[12pt]{minimal}
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Heat Coulomb blockade predictions {#Sec15}
---------------------------------

In this section we derive the predictions shown as continuous lines in Fig. [3](#Fig3){ref-type="fig"} and Supplementary Figs. [3](#MOESM1){ref-type="media"} and [4](#MOESM1){ref-type="media"}, for the electronic flow of heat $\documentclass[12pt]{minimal}
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In contrast to the voltage biased electrodes, the floating metallic node's electrochemical potential exhibits fluctuations $\documentclass[12pt]{minimal}
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Summing up the contributions of all channels and performing the integration in Eq. ([15](#Equ15){ref-type=""}), we obtain for the net heat flow from the metallic island:$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\begin{array}{lll}{J}_{{{Q}}}^{{\rm{thy}}}=   \sum _{j=1}^{N+1}\left({J}_{{{Qj}}}^{\Omega \to }-{J}_{{{Qj}}}^{\to \Omega }\right)\\ = \ {\tau }_{\Omega }\frac{{\pi }^{2}{k}_{{\rm{B}}}^{2}}{6h}({T}_{\Omega }^{2}-{T}^{2})-{\tau }_{\Omega }\frac{h({\tau }_{\Omega }-\tau (1-\tau ))}{{(2\pi {R}_{{\rm{K}}}C)}^{2}} \\  \times\left[\Im \left(\frac{h{\tau }_{\Omega }/{R}_{{\rm{K}}}C}{2\pi {k}_{{\rm{B}}}{T}_{\Omega }}\right)-\Im \left(\frac{h{\tau }_{\Omega }/{R}_{{\rm{K}}}C}{2\pi {k}_{{\rm{B}}}T}\right)\right],\end{array}$$\end{document}$$with the function $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\Im$$\end{document}$ given by$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\Im (x)=\frac{1}{2}\left[\mathrm{ln}\left(\frac{x}{2\pi }\right)-\frac{\pi }{x}-\psi \left(\frac{x}{2\pi }\right)\right],$$\end{document}$$with $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\psi (z)$$\end{document}$ the digamma function. Equation ([23](#Equ23){ref-type=""}) was used to calculate the predictions shown as continuous lines in Fig. [3](#Fig3){ref-type="fig"}a, Supplementary Fig. [3](#MOESM1){ref-type="media"}b and Supplementary Fig. [4](#MOESM1){ref-type="media"}.

At $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\tau =0$$\end{document}$ or 1, Eq. ([23](#Equ23){ref-type=""}) reduces to the expression derived for a ballistic system^[@CR18]^ (see Methods in ref. ^[@CR16]^ for a similar formulation). At high temperatures, Eq. ([23](#Equ23){ref-type=""}) reduces to the non-interacting result matching the widespread Wiedemann--Franz law (without additional contribution from the partition noise):$$\documentclass[12pt]{minimal}
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Electron--phonon heat transfers {#Sec16}
-------------------------------

The Fig. [5](#Fig5){ref-type="fig"} displays the amount of heat transferred from electrons in the metallic island to cold phonons at base temperature $\documentclass[12pt]{minimal}
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